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Starch synthesisSubstrate binding properties of the large (LS) and small (SS) subunits of potato tuber ADP-glucose
pyrophosphorylase were investigated by using isothermal titration calorimetry. Our results clearly
show that the wild type heterotetramer (SWTLWT) possesses two distinct types of ATP binding sites,
whereas the homotetrameric LS and SS variant forms only exhibited properties of one of the two
binding sites. The wild type enzyme also exhibited signiﬁcantly increased afﬁnity to this substrate
compared to the homotetrameric enzyme forms. No stable binding was evident for the second sub-
strate, glucose-1-phosphate, in the presence or absence of ATPcS suggesting that interaction of
glucose-1-phosphate is dependent on hydrolysis of ATP and supports the Theorell–Chance bi bi reac-
tion mechanism.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Starch and glycogen are the main energy and carbon reserves in
many organisms. In prokaryotes and higher plants, these a-glucan
reserves are synthesized using the sugar nucleotide, ADPglucose
(ADPglc). Synthesis of this activated form of glucose, used by
starch or glycogen synthases, is catalyzed by ADPglucose
pyrophosphorylase (EC 2.7.7.27, AGPase) [1–3]. Despite carrying
out the same reaction and being subject to allosteric regulation,
the higher plant and prokaryotic AGPases have distinct structures.
The prokaryotic AGPases consist of four identical subunits,
whereas the higher plant AGPases consist of two identical large
(LS) and small (SS) subunits [4]. The dissimilarities in the native
structures between the prokaryotic and higher plant enzymes are
not due to differences in allosteric properties. Like the higher plant
enzyme, which is activated by 3-phosphoglyceric acid (3-PGA) and
inhibited by inorganic phosphate (Pi) [5], the cyanobacterial
homotetrameric AGPase shares the same allosteric effectors [6].Higher plant AGPases are more complex and diverse than their
prokaryotic counterparts since they contain multiple LS and SS iso-
forms [7,8]. In general, higher plants contain more LS isoforms than
SS ones [8]. The primary sequences of SSs exhibit high degree of
conservation even between plant species while LSs are more diver-
gent even within a plant species [7]. The difference in sequence
conservation suggests that these two subunit types possess differ-
ent roles in enzyme function [3,9], which was supported by the ini-
tial study of the potato recombinant AGPase [10]. When expressed
alone in Escherichia coli, the potato tuber SS is capable of
self-assembly into an active homotetramer but exhibits defective
allosteric properties [10]. The LS is unable to form an active
enzyme but when assembled with a catalytically-silenced SS, the
resulting variant enzyme has very little catalytic activity [11].
The LS’s role was presumably to modulate the regulatory proper-
ties of the SS. This deﬁciency in catalysis was veriﬁed by kinetic
analysis of another potato recombinant LS variant, L302N, which is
capable of forming a homotetrameric enzyme with almost no cat-
alytic activity [12]. These observations support the view that the
two subunit types have different roles in enzyme function; the
SS having the dominant role in catalytic activity while the LS is
required to modulate the allosteric regulatory properties of the
SS [5,13]. This suggestion, however, was challenged by several
studies where the catalytic and allosteric properties of the enzyme
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types [14–17].
The deﬁciency in catalytic properties of the LS is likely due to
changes at the active site. Two amino acid substitutions (K41R
and T51K) at the N-terminus of LS resurrected the catalytic activity
of potato recombinant enzyme (10% of wild type activity) when
the variant LS was assembled with catalytically silenced SS [11].
A direct role for the LS in contributing to catalysis is also shown
by photolabeling studies where the LS is able to bind to
azido-ATP just as efﬁciently as the SS [18]. Moreover, mutations
in the putative ATP binding site of LS resulted in dramatically
reduced catalytic activity of the heterotetrameric enzyme [18].
The basis for LS catalytic deﬁciency and its role in enzyme mecha-
nism, however, still need to be elucidated. An obvious question is
why plants contain two types of AGPase subunits as opposed to
prokaryotic counterparts. The advantage of having LS is not fully
understood especially as the structure of the heterotetrameric
enzyme has yet to be determined, despite numerous attempts to
obtain highly diffractive crystals.
Even though detailed kinetic properties studies have been
reported for several AGPases, less information is available about
AGPase action mechanism. The catalysis of E. coli AGPase com-
posed of four identical subunits (a4), exhibits an ordered bi bi
mechanism. Two of the subunits bind ATP followed by binding of
Glc-1-P before binding of ATP to the other subunit pair occurs.
This modiﬁed-half site reactivity properties displayed by the
E. coli AGPase where only a pair of subunits is initially active, does
not appear to be applicable to the potato AGPase since azido-ATP
labels both LS and SS with equal efﬁciency [18] indicating that both
subunit types are able to bind the substrate ATP. Indeed, the potato
AGPase [19] as well as the enzymes from Rhodospirillum rubrum
[20] and maize endosperm [21] exhibit a Theorell–Chance bi bi
mechanism where a ternary complex (enzyme-ATP-Glc-1-P) is
not formed. Barley leaf AGPases [22] follow an iso-ordered bi bi
kinetic mechanism, which is slightly distinct from others in having
an isomerization step where the free enzyme has two different
conformation.
In this study, we investigated the substrate binding properties
of the potato recombinant wild type AGPase (LWTSWT) and variant
forms including SS and LS homotetramers by using isothermal
titration calorimetry. The wild type heterotetrameric enzyme
(LWTSWT) exhibited two distinct binding sites for ATP with the
enzyme having higher afﬁnity for this substrate, whereas the
homotetramers, SWT and L302N, displayed only one type of binding
site with reduced afﬁnity to ATP. However, no signiﬁcant binding
of Glc-1-P was observed by any of these enzymes in the presence
or absence of ATPcS, a non-hydrolysable ATP analogue, suggesting
that ATP hydrolysis is essential for Glc-1-P binding. Moreover,
LWTSWT demonstrated dramatically lower binding afﬁnity to
ADPglc compared to ATP. These results provide signiﬁcant insights
about the role of LS and reaction mechanism of AGPase.2. Materials and methods
Reagents including ATP, ATPcS, Glc-1-P and ADPglc were pur-
chased from the Sigma–Aldrich and were of analytical grade or
higher.
2.1. Expression and puriﬁcation of potato tuber AGPase variants
The recombinant, polyhistidine-tagged, wild type (SWTLWT),
SWTL302N heterotetramer, and small (SWT) and large (L302N) subunit
homotetramers were expressed and puriﬁed as described previ-
ously [12,16]. E. coli EA345 and 3457 cells [23] were transformedwith the plasmids, pSH274 and pSH208, containing potato LS and
SS cDNA sequences, respectively. Cells were grown in 1 L of
NZCYM medium (10 g NZ-amine, 5 g yeast extract, 5 g NaCl, 2 g
MgSO47H2O and 1 g casamino acid, pH 7.0) containing 200 lg/ml
penicillin G and 50 lg/ml kanamycin. Once the culture turbidity
reached a OD600 at 1.0–1.2, the cells were induced with 0.1 mM
IPTG for 18 hat roomtemperature. The cellswereharvested anddis-
ruptedby sonication inbindingbuffer (25 mMHEPES–NaOH,pH8.0,
5% glycerol) containing 0.5 mg/ml lysozyme, 1 mM PMSF, 1 lg/ml
pepstatin and 1 lg/ml leupeptin. The soluble fractionwas separated
by centrifugation and passed through DEAE-Sepharose Fast Flow
(Amersham) column. After extensive washing with binding buffer,
AGPase was eluted with binding buffer containing 0.3 M NaCl and
then loaded onto an immobilized metal afﬁnity column (TALON
Superﬂow, Clontech) connected to a BioLogic DuoFlow
Chromatography system (BioRad). The column was washed exten-
sively with binding buffer containing 0.3 M NaCl and 5 mM imida-
zole. The protein was eluted with the same buffer containing
100 mMimidazole and theprotein containing fractionswereprecip-
itated using 67% ammonium sulfate and then subjected to centrifu-
gation at 20000g for 15 min. The protein pellet was dissolved in
4 ml binding buffer and centrifuged at 14000g for 10 min. The
supernatant was diluted (1:10) in lysis buffer and loaded onto
2 ml of POROS 20HQ resin (Applied Biosystems). AGPasewas eluted
with a gradient of 0–0.5 M NaCl in binding buffer. AGPase fractions
were pooled and concentrated to 5 mg/ml by using a 30kDa cut-off
membrane (Millipore).
2.2. Immunoblot analyses
Immunoblot analyses of puriﬁed recombinant proteins were
performed as described [24]. Brieﬂy, 2 lg recombinant protein
was mixed with SDS sample buffer (62.5 mM Tris/HCl, pH 7.0, 2%
SDS, 5% glycerol, 0.1% (w/v) Brilliant Blue R-250) and then boiled
for 2 min. For reducing conditions, 25 mM dithiothreitol (DTT)
was added to protein samples with the same buffer. Protein sam-
ples were separated in 12% polyacrylamide gels and immunoblot
analysis was performed by using the antibody raised against
potato AGPase SS.
2.3. Isothermal titration calorimetry (ITC)
Isothermal titration calorimetric reactions were performed
using a VP-ITC instrument (MicroCal, Northhampton, MA) as
described previously [25]. Brieﬂy, the puriﬁed protein used for
ITC was diluted to 25 lM in titration buffer (5 mM HEPES pH 7.4,
60 mM NaCl, 5 mM MgCl2 and 5% glycerol). All reactions were car-
ried out at 25 C with a stirring speed of 300 rpm and completed in
29 injections (10 ll each). Ligands including ATP, ATPcS, Glc-1-P
and ADPglc were diluted in the same titration buffer and injected
into the cell containing the protein solution to measure the amount
of heat release upon their binding. The ligands were also titrated
against buffer only to measure heat released due to dilution.
Ligand concentrations were fully optimized to generate signiﬁcant
heats of binding. Proper baseline was established by adjusting the
time intervals between injections. Origin 5.0 software was used to
ﬁt the data to one or two binding sites model using nonlinear least
square regression and, in turn, generating thermodynamic param-
eters. The equation used for two binding site analysis is:
K1 ¼ H1ð1H1Þ½X K2 ¼
H2
ð1H2Þ½X Xt ¼ ½X þMtðn1H1 þ n2H2Þ
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active cell volume, Mt and [M] are bulk and free concentration of
macromolecule in V0; Xt and [X] are bulk and free concentration
of ligand, and H is fraction of sites occupied by ligand X.
2.4. Molecular docking analysis and visualization
Previously modeled LS and SS structures were used as receptors
for ATP docking studies [26]. Molecular docking analysis was con-
ducted using AUTODOCK 4.2 (autogrid4 and autodock4) software
[27]. Ligand conformational search for docking was conducted
using the Lamarckian genetic algorithm (LGA). Docking sites on
the AGPase LS and SS were assigned to Autodock based on the pre-
deﬁned ATP binding sites of this enzyme [18]. Results of the anal-
ysis were visualized using Accelrys Discovery Studio 4.0 (Accelrys
Software Inc., Discovery Studio Modeling Environment, Release
4.0, San Diego).
3. Results and discussion
3.1. The SS is more efﬁcient at ATP binding than the LS
The potato tuber wild type AGPase (SWTLWT), the variant
heterotetramer SWTL302N and homotetrameric forms, L302N and
SWT, were puriﬁed to near homogeneity (>95%). The enzymes were
then probed by ITC for ATP binding in the absence of activators to
determine the substrate binding properties for each enzyme type.
Analysis of the ATP titration curves and thermodynamic parame-
ters for SWTLWT (Fig. 1A and Table 1) showed that a two-site bind-
ing model was found to ﬁt the data, which could not be ﬁtted to
simple one-site model. The two binding sites of SWTLWT displayed
distinct thermodynamic properties. Binding of ATP to the ﬁrst site
resulted in substantial entropic gain, 23.4 cal/mol/K with negligible
enthalpic contribution whereas, binding to the second site was
enthalpically driven (DH = 57 kcal/mol) and associated with sub-
stantial entropic cost, 165.5 cal/mol/K. The observed Kd values for
ATP for these distinct binding sites of SWTLWT were 2.2 and 8.5 lM,
respectively (Table 1).
Substrate binding afﬁnity differs between the oxidized and
reduced forms of potato AGPase, with reduced enzyme showing
around two-fold increased ATP afﬁnity [28]. Therefore, ATP binding
under reducing conditions were investigated by ITC. Unfortunately,Fig. 1. Measurement of ATP (A) and ATPcS (B) binding through ITC experiments. Trends o
monitored. Solid lines represent the least-square ﬁts of the data.attempts to measure the reduced form of the enzyme resulted in
non-speciﬁc random noise in the ITC measurements due to the oxi-
dation of DTT in air. Although we cannot exclude the possibility
that the two Kd values are due to the oxidized and reduced form
of the heterotetrameric enzyme, immunoblot analysis of puriﬁed
recombinant heterotetrameric enzyme in the presence and
absence of DTT was performed (Fig. S1A). Under non-reducing con-
ditions, immunoblot of puriﬁed recombinant SWTLWT revealed that
more than 85% of the puriﬁed heterotetrameric enzyme is in the
oxidized state (Fig. S1B). Hence, it is unlikely that the small propor-
tion of the puriﬁed enzyme would yield a second signiﬁcant Kd.
ITC measurements were also conducted with the heterote-
tramer variant SWTL302N as a control. As described earlier, replace-
ment of Ser302 with an asparagine increased the solubility of the
LS (L302N) and, in turn, led to the formation and isolation of the
homotetrameric form [12]. The SWTL302Nshowed afﬁnity towards
ATP similar to that evident for the SWTLWT, indicating that the LS
mutation had no effect on binding afﬁnity of the heterotetrameric
enzyme (Table 1).
ITC data indicated that homotetrameric forms display only a
single binding site for ATP. Similar to the second binding site of
the wild type heterotetramer, ATP binding to L302N homotetramer
showed signiﬁcant amount of entropic cost, 120.8 cal/mol/K.
This result indicated that ATP binding to L302N is an
enthalpically-driven process associated with substantial confor-
mational change similar to that seen for the second ATP binding
site of SWTLWT. In contrast, a favorable entropic effect,
18.2 cal/mol/K, was observed for ATP binding to SWT with a negli-
gible enthalpic contribution (DH = 0.65 kcal/mol), properties
similar to that seen for the ﬁrst ATP binding site of SWTLWT. The
resulting Kd values of ATP for SWT and L302N were 34 and 88 lM,
respectively, indicating that the SWT has higher afﬁnity for ATP
than the L302N homotetramer (Fig. 1A and Table 1). Both homote-
tramers, however, showed dramatically less afﬁnity to ATP com-
pared to SWTLWT. This afﬁnity difference between homotetramers
and heterotetrameric form is consistent with earlier kinetic studies
of SWT and L302N homotetramers (Table 1) [12] where L302N has a
much lower afﬁnity for ATP than SWT. When these subunits are
assembled into the heterotetrameric form, however, the subunits
exhibit enhanced binding afﬁnity to ATP than the homotetramer
forms. The ITC results further support the conclusion that both
the large and small subunits contribute synergistically to the cat-
alytic activity of the enzyme.f heat release by serial injections of ATP and ATPcS into SWTLWT, L302N and SWT were
Table 1
Thermodynamic and kinetic parameters for ATP and ATPcS to AGPase variants.
ATP ATPcS ATP
Kd (lM) DH (kcal/mol/K) DS (cal/mol/K) Kd (lM) DH (kcal/mol/K) DS (cal/mol/K) KMa (lM)
SWTLWT binding site #1 2.2 ± 1.7 0.06 ± 0.01 23.4 1.7 ± 2.1 6.6 ± 1.1 4.5 170 ± 9
SWTLWT binding site #2 8.5 ± 8.0 57 ± 6.6 165.5 21.1 ± 9.5 0.7 ± 0.1 19 –
SWTL302N binding site #1 3.8 ± 1.9 1.4 ± 1.6 25.6 NDb ND ND 648 ± 22
SWTL302N binding site #2 7.1 ± 6.2 55 ± 1.4 159.9 ND ND ND –
L302N 88 ± 19 41.5 ± 4.8 120.8 89.2 ± 20.8 17.4 ± 9.7 39.8 1880 ± 125c
SWT 34 ± 11 0.65 ± 0.1 18.2 36.1 ± 12.4 0.6 ± 0.2 17.9 200 ± 14
a KM data is taken from [12].
b Not determined.
c Represents the KM value of LRKN since L302N catalytically deﬁcient enzyme.
Fig. 2. Measurement of Glc-1-P and ADPglc binding through ITC experiments.
Trend of heat release by serial injections of Glc-1-P in the presence and absence of
WT WT
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and SS, molecular docking studies of modeled AGPase LS and SS
structures were conducted [26]. The docking analysis revealed that
SS has a higher afﬁnity towards ATP compared to LS, which is con-
sistent with our ITC results (Table S1). This difference in ATP afﬁn-
ity between the two subunit types likely results from the fact that
different amino acids participate in ATP binding between the two
subunits (Fig. S2A and B). For instance, binding of ATP to SS is
mediated by its interaction with ten amino acids that are evenly
distributed around the binding site, whereas binding in the LS is
facilitated by only eight amino acids that are more spatially clus-
tered (Fig. S2C).
It is likely that binding of ATP to LS and SS is associatedwith con-
siderable conformational change of the pocket, which, in turn, ori-
ents residues to interact or hydrogen bond with ATP. In addition,
the association of ATP may also be a consequence of the binding
pocket being free of water molecules, thus lowering the dielectric
constant and strengthening the intermolecular interactions. In our
docking analysis, the protein was treated as a rigid body and associ-
ated water molecules were stripped off. This might explain, at least
in part,why the thermodynamic values in our docking analysis yield
signiﬁcantly different values compared to the ITC results.ATPcS to S L was monitored. Unlike Glc 1-P, addition of ADPglc showed the
typical heat-releasing pattern. Solid lines represent the least-square ﬁts of the data.
Table 2
Thermodynamic and kinetic parameters for binding of Glc-1-P and ADPglc to SWTLWT.
Ligands Kd
(lM)
DH
(kcal/mol/K)
DS
(cal/mol/K)
KM
a
(lM)
ADPglc 147 ± 38 9.7 ± 9.3 15.1 194 ± 19
Glc-1-P w/o ATPcS NDb ND ND 158 ± 7
Glc-1-P w/ATPcS ND ND ND ND
a KM data is taken from [12].
b Not detected.3.2. ATP hydrolysis is essential for Glc-1-P binding to the AGPase
Kinetic studies of AGPase from potato tuber indicated that the
ﬁrst substrate to bind the enzyme is ATP followed by Glc-1-P
[12,19]. Non-hydrolysable ATP analogue (ATPcS), therefore, was
used to capture the enzyme in ATP bound state and to determine
the Kd of Glc-1-P by preventing the heat release from ATP hydrol-
ysis. First, thermodynamic characterization of ATPcS was per-
formed with ITC. The measured Kd values for SWTLWT were 1.7
and 21.1 lM for binding sites 1 and 2, respectively (Fig. 1B and
Table 1). The measured Kd value for ATPcS to the ﬁrst binding site
is similar to those observed for ATP binding to ﬁrst site of the
SWTLWT whereas Kd value for ATPcS to the second site was
increased compared to that measured for ATP. The homotetrameric
enzymes, however, showed similar patterns of binding afﬁnity to
ATPcS and ATP (Table 1). The observed Kd values of ATPcS for
SWT and L302N were 36.1 and 89.2 lM, respectively. These results
show that AGPase wild type and variant forms exhibited binding
afﬁnity properties towards ATPcS similar to that measured for
ATP. Thus, ATPcS mimics ATP and can be used for binding analysis
of Glc-1-P.
Glc-1-P binding assays for SWTLWT were carried out both in the
presence and absence of ATPcS. The proposed bi bi mechanism of
AGPase [19] indicates that binding of ATP occurs ﬁrst followed by
Glc-1-P. The heterotetrameric enzyme, however, displayed no sig-
niﬁcant binding to Glc-1-P (Fig. 2 and Table 2) in the presence or
absence of the nucleotide. 3-PGA was tested together with
ATPcS, in the ITC measurements to further ‘‘push’’ the enzyme tobind Glc-1-P. A small heat release was observed but ﬁtting of ITC
data showed no measurable binding of Glc-1-P in the presence of
3-PGA (data not shown).
The lack of any signiﬁcant interaction with Glc-1-P in the pres-
ence of ATPcS indicates that the Glc-1-P binding site is not cor-
rectly conﬁgured without ATP hydrolysis. One possible
explanation for its lack of binding in the presence of ATPcS is the
steric hindrance of b-phosphate of ATP. This hypothesis is sup-
ported by the crystal structure analysis of the SS homotetramer
[29] where the b-phosphate of ATP partially blocks the putative
Glc-1-P binding site. These results clearly suggest that ATP hydrol-
ysis is essential for Glc-1-P binding. The nucleophilic O1P atom of
the Glc-1-P attacks the phosphates of ATP and results in immediate
1448 B. Cakir et al. / FEBS Letters 589 (2015) 1444–1449release of pyrophosphate (PPi) and formation of ADPglc. Further
evidence for this hypothesis comes from phosphate release assays,
which measures the free PPi concentration. Reaction was per-
formed at room temperature for 50 min and PPi released from
reaction was measured as described [30]. Signiﬁcant amount of
released PPi was observed in the presence of ATP, Glc-1-P and
3-PGA while no phosphate was detected in the absence of
Glc-1-P (Table S2).
In the absence of Glc-1-P binding data, thermodynamic param-
eters of binding to ADPglc, the substrate of the reverse reaction,
were characterized by ITC. ADPglc binding data of SWTLWT indi-
cated a one site binding model where a signiﬁcant enthalpic contri-
bution, 9.7 kcal/mol was observed (Fig. 2 and Table 2). A slightly
unfavorable entropic change, 15.1 cal/mol/K, indicated a slightly
readjusted conformation upon ADPglc binding yielding a Kd value
of 147.1 lM. Hence the wild type enzyme, which has an ATP disso-
ciation constant of 2.2 lM, displays signiﬁcantly higher afﬁnity
(66-fold) to ATP compared to ADPglc.
The measured Kd value for ATP is around 75-fold lower than the
KM value (Table 1), indicating that binding of this substrate is a rate
limiting step. By contrast, the Kd and KM [12] values for ADPglc are
very similar, 147.1 and 194 lM, respectively, demonstrating that
the product release is rate limiting for the reverse reaction in the
absence of 3-PGA. Binding afﬁnity of ADPglc, however, is signiﬁ-
cantly improved about 5-fold in the presence of 3-PGA
(Table S3). This indicates the substrate binding is also rate limiting
step for the reverse reaction of AGPase in the presence of 3-PGA.
Allosteric effectors change the activity of enzymes in two ways
either modulating the afﬁnity for substrates and/or altering the
reaction rate (Vmax). Hence, 3-PGA could decrease the Kd for sub-
strates and/or increase the Vmax of the reaction. In this study,
3-PGA had no signiﬁcant effect on ATP binding afﬁnity of the
heterotetrameric enzyme, a result similar to that obtained from
an earlier kinetic study [19]. In the presence of 3-PGA, ITC data
revealed that Kd values of the ﬁrst and second binding site of the
SWTLWT to ATP were slightly decreased and increased, respectively
(Fig. S3A and Table S3). The changes in Kd values in the presence
and absence of 3-PGA were not dramatic when considering the
large errors in the measurements. This may indicate that 3-PGA
does not affect the binding of ATP but increases the catalytic turn-
over rate. Boehlein et al. [19] also showed that addition of 3-PGA
increases the overall reaction rate whereas the KM value for ATP
does not change. 3-PGA, on the other hand, signiﬁcantly improves
the ADPglc binding to SWTLWT (Fig. S3B and Table S3). Collectively,
3-PGA increases the reaction rate of AGPase and the afﬁnity of the
product ADPglc.
Several studies indicated that both LS and SS take part in catal-
ysis and regulation of AGPase with each having distinct properties.
Allosteric regulation is a combined function of two subunits [14].
However, potato LS exhibits poor catalytic activity but is essential
for optimum enzyme activity [11]. Our results reveal that the LS
and SS homotetrameric enzymes exhibit drastically lower afﬁnity
to ATP compared to the heterotetramer enzyme indicating that
the LS and SS interact cooperatively. Thus, LS has different confor-
mation in the heterotetrameric form and possibly favors coopera-
tive binding of SWTLWT to ATP, and, in turn, results in tighter
binding to substrates and higher catalytic activity. This result is
also consistent with the earlier kinetic [12] and 3-D structural
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